Abstract -NiSi as a conductive diffusion barrier to silicon has been studied. We demonstrate that the NiSi films formed using the single step annealing process are as good as the two step process using XRD and Raman. Quality of NiSi films formed using e-beam Ni and electroless Ni process has been compared.
I. INTRODUCTION
Screen printed Ag paste firing process is the current industrial standard for front side metallization of c-Si solar cells. However, Ag is expensive, the paste contains glass frit, organic binders, solvents and requires a high temperature firing resulting in performance losses [1] . An industrially attractive alternative to Ag paste is electroplated Cu, especially when targeting cell efficiencies >21%. Yet, Cu is known to diffuse into c-Si even at ambient temperatures and form recombination-active precipitates. Therefore, a conductive diffusion barrier between Cu and c-Si is required [2] . Metal silicides like NiSi, Pd 2 Si, MoSi 2 , WSi 2 , TiSi 2 , CoSi 2 , PtSi have been used in microelectronics industry as interconnects and diffusion barriers [3] . Amongst these, nickel monosilicide (NiSi) is preferred as it forms at a lower temperature, consumes less Si and grows most uniformly.
Ni films deposited on HF-cleaned Si wafers when annealed, form different phases of nickel silicide depending on the annealing temperature [4] . The Ni 2 Si phase forms between 200-350 °C, NiSi between 400-550 °C and NiSi 2 above 650 °C. Amongst these, NiSi is the desired phase for contact formation due to its lowest resistivity [4] and NiSi is usually formed using the two-step process, which involves a low temperature anneal to form Ni 2 Si, a Piranha etch to remove the unreacted Ni followed by a high temperature anneal to form NiSi. This gives good control over the film thickness and forms uniform, single-phase NiSi films. However, we do not need precise control over film thickness in solar cells and we can form NiSi in a single high temperature annealing step. We have compared the two step and single step annealing process for NiSi formation. Ensuring complete Ni consumption and formation of a single phase of NiSi are important points to be taken into consideration when performing the single step anneal.
Metal deposition techniques such as thermal evaporation and electron beam (e-beam) are expensive for the PV industry. Hence, we have compared NiSi formation using both e-beam and electroless Ni process. Electroless Ni process involves the preferential deposition of Ni on Si using Ni salt and sodium hypophosphite solutions [5] .
The effectiveness of Ni and NiSi as a Cu diffusion barrier in c-Si solar cells has been studied using techniques like Suns-V oc [6] , I-V characteristics [7] and Photoluminescence imaging [8] . However, these rely on measuring the effects of Cu in c-Si indirectly. In the current study, we have attempted to directly and quantitatively estimate the diffusion coefficient of Cu through NiSi by measuring concentration of Cu atoms diffusing through Si and the NiSi barrier layer. It is known that while Cu has an extremely low solubility in c-Si (less than an atom/cm -3 at room temperature) it accumulates at defect locations and grain boundaries in Si. Hence, we chose a pc-Si layer as a sink/gettering layer [2] .
II. EXPERIMENTAL DETAILS

A. NiSi formation
The NiSi barrier layers were formed on n-type Si (100) Cz, 1-5Ω-cm, 180 μm thick wafers. These were cleaned in HF to remove the native oxide and then full area Ni (70-100 nm) was immediately deposited on them. Electron-beam (e-beam) deposition of Ni was performed at room temperature at a base pressure of 10 -7 Torr. Transcene electroless Ni plating ammonia type (ENPAT) solution was used for depositing electroless Ni at 85 °C and pH 10. The samples were then annealed in a MILA 3000 rapid thermal annealing instrument (RTA) under N 2 atmosphere. For the two step process the Ni on Si samples were annealed 1 st at 250 °C for 5-10 minutes, unreacted Ni was removed using Piranha solution, followed by the 2 nd anneal at 450 °C. In the single step process, the Ni on Si samples was annealed directly at 450 °C for 2-8 min. The films were characterized after different annealing stages using Rigaku DMax X-ray diffractometer (XRD) using Cu Kα source (λ=0.154 nm) in the θ/2θ configuration to determine the crystalline phases present and a Renishaw InVia Raman system with excitation wavelength of 532 nm. We found Raman spectroscopy particularly useful because in addition of giving phase information, it can give surface coverage information and is a fast measurement technique.
B. Cu diffusion barrier studies
For the Cu diffusion experiments, n-type Si (100) single side polished, 1-5 Ω-cm, 300 μm wafers were used. PECVD grown 50 nm thick a-Si:H layer which was subsequently annealed to form pc-Si layer was deposited on the polished side and Ni was deposited on the other side which was then annealed to form NiSi as mentioned in section II(A). 200 nm evaporated Cu was then deposited on NiSi over a smaller area to form two sets of test structures, with and without the NiSi barrier as shown in Fig. 1 . The pc-Si layer acts as a sink or gettering layer for the Cu atoms diffusing through the thickness of the wafer. Care was taken during the processing to minimize the contamination of the pc-Si side with Cu. These test structures were annealed between 100 to 450 °C for several hours in an inert atmosphere and the pc-Si side was then analyzed for Cu concentration using Secondary ion mass spectrometry (SIMS), X-ray fluorescence (XRF) and energy dispersive X-ray spectroscopy (EDX). The Cu/NiSi film was analyzed using XRD and Raman spectroscopy postanneal.
III. RESULTS AND DISCUSSION
A. NiSi formation
It is first necessary to determine the processing parameters to grow films with the required NiSi phase as multiple Ni x Si phases can co-exist in the same film. Unless mentioned otherwise, Ni is deposited using e-beam process. Fig. 2 shows the XRD spectra of the films at different annealing conditions. The peaks have been indexed to the corresponding lattice planes using powder diffraction files and lattice constants of Ni 2 Si and NiSi. The spectrum (a) measured after the 250 °C anneal followed by piranha etch shows the formation of only Ni 2 Si phase while spectrum (b) measured after further annealing at 450 °C shows the formation of NiSi phase. The polycrystalline nature of the films indicates no preferred orientation during annealing. Spectrum (c) shows the NiSi film formed in a single step after optimizing the annealing conditions. Comparing the (b) and (c) spectra we can conclude that the two step and single step anneals give similar films. The single step makes the processing much simpler as we eliminate an annealing step and the Piranha etch which involves the use of corrosive sulphuric acid.
The films have also been characterized using Raman spectroscopy as shown in Fig. 3 . The peaks at 100, 140 cm are from the NiSi phase [9] . Based on XRD and Raman data we conclude that the required NiSi single phase can be formed both by two-and single step process. The absence of 521 cm -1 c-Si peak indicates uniform and complete NiSi layer. The formation of NiSi from Ni is a diffusion controlled process [4] . Between 200-350 °C, the Ni diffuses into Si forming the Ni 2 Si phases. On annealing at higher temperatures of 400-550 °C there is further diffusion forming the NiSi phase. We need to optimize the single step anneal to (i) ensure that all the Ni is consumed and (ii) that only the NiSi phase is present. Fig. 4 . shows the Raman spectra of the films formed by annealing Ni on Si films for different times at 450 °C. It can be seen that for a short anneal of 2 min the Ni 2 Si phase forms and not the NiSi. Only after annealing for more than 4 min do we observe the NiSi phase. This indicates that for complete conversion of Ni to NiSi we need to anneal the films for a certain minimum time which will depend on the initial thickness of the deposited Ni film. Fig. 2 and 5 compares the XRD and Raman spectra respectively of the films formed post-anneal using e-beam and electroless Ni. While we observe NiSi formation using both techniques, from Fig. 1. (d) we notice the formation of crystalline phases not corresponding to NiSi and Ni 2 Si. These are possibly related to phosphorous and oxygen contamination, a known issue in electroless Ni process [5] . Additionally, Raman spectrum from Fig. 5. (a) has a broad double-peak at 1350 and 1600 cm -1 which indicates the formation of NiO. We can also see a strong c-Si peak at 521 cm -1 indicating incomplete coverage of the c-Si surface with NiSi. Fig. 5(b) shows the cross-sectional SEM image of the textured c-Si surface after electroless Ni deposition. The darker spots on the pyramids corresponding to exposed c-Si confirm that the electroless deposition and not annealing to form NiSi is the reason for the incomplete coverage. Incomplete surface coverage is a major issue because when Cu is deposited on such films, it will be in contact with c-Si easily diffusing into it and degrading lifetime. The electroless Ni process has not been studied in detail in this paper but we suspect that the likely cause for the incomplete coverage is the growth mechanism of the Ni films. The growth of the Ninuclei on the c-Si surface will be preferred over the formation of new nuclei uniformly on the c-Si surface leading to incomplete coverage. Thicker films might have better surface coverage.
B. Cu diffusion barrier studies
To determine the annealing time and temperature for the Cu diffusion studies we first calculated the expected Cu accumulation in the pc-Si layer. Our two dimensional steady state diffusion flux model assumed an infinite and perfect Cu sink. The calculated Cu concentration in the 50 nm thick sink is shown in Fig. 6 . The data indicate that while Cu is a fast diffuser in c-Si, it has a low solubility in Si, thereby resulting in net low permeability through the wafer. We need a minimum temperature of 300 °C for getting detectable Cu (10 17 cm -3 ) using SIMS and XRF in the pc-Si layer. In addition, NiSi films can degrade by agglomeration [4] above 550 °C so that is our upper temperature limit.
Experimentally, we annealed the Cu on Si and Cu on NiSi samples at 450 °C and 11 hr. After the anneal we observed a change in the colour of the Cu on the NiSi while the Cu on Si remain unchanged as shown in Fig. 7. (a, b) . Fig. 7 (c, d, e) show the XRD spectra of these films. Spectrum (c) taken on the Cu on Si samples as expected shows the presence of crystalline Cu. Spectrum (d) measured on the Cu on NiSi samples shows the presence of Cu 3 Si and CuO crystalline phases. Comparing spectrum (d) with (e), a NiSi spectrum before annealing, we can notice the absence of any crystalline NiSi phases. Raman spectroscopy on the NiSi part of the Cu on NiSi sample after annealing showed the 197 and 216 cm -1 NiSi features. Based on the Raman and XRD we can conclude that Cu combined with the high temperature anneal is enhancing the degradation of the NiSi film and results in the formation of Cu 3 Si. This important result suggests that experiments using elemental detection techniques to determine the effectiveness on NiSi diffusion barrier are difficult to perform: we need high temperature for accumulating measurable Cu in the sink/gettering layer, however at these temperatures the NiSi barrier layer itself degrades. Hence, apart from low temperature, very lengthy diffusion experiments of the type described above, indirect techniques such as Suns-Voc, I-V characteristics and Photoluminescence imaging might still be most informative.
Comparing the XRF profiles in these samples before and after anneal indicated no change in the Cu concentration. We can infer that either XRF is not a suitable technique for such measurements or that pc-Si might not be a good gettering layer. We also performed SIMS measurements after 100 °C, 70 hours anneal and as expected from the permeability calculations, no Cu was detected.
Currently we are in the process of studying the degradation of NiSi due to Cu in detail and determining the effectiveness of the NiSi diffusion barrier using photoluminescence imaging technique.
IV. CONCLUSION
We have demonstrated that the simpler single step process results in films as good as those obtained from the two step process for NiSi formation. NiSi can be formed using electroless Ni but incomplete surface coverage and presence of other constituents in the deposited Ni are challenges which need to be addressed. Cu has been shown to reduce the thermal stability of NiSi films limiting the temperatures that can be used for elemental detection experiments. We recommend using indirect techniques like Suns-V oc , I-V characteristics and Photoluminescence imaging instead.
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